Abstract--This paper traces the history and evolution of two earliest companies in the semiconductor industry: Shockley Semiconductor Laboratory and Fairchild Semiconductor. Starting from the invention of the transfer resistor (transistor) by three Nobel laureates (John Bardeen, Walter Houser Brattain and William Shockley), the founding of the "most successful failure" in Silicon Valley, Shockley Semiconductor Laboratory and the Shockley Eight (aka Traitorous Eight or Fairchild Eight), the paper details some earliest entrepreneurial attempts in the industry and how these attempts influenced over seventy semiconductor companies in Silicon Valley, including Intel Corporation, National Semiconductor, and Advanced Micro Devices. The paper then examines the industry's developing manufacturing models, including the emergence of the foundry model. Finally, the paper looks at the industry's growing trend of globalization together with its outsourcing/offshoring and supply chain management issues. Taking advantage of the three authors' interdisciplinary expertise, the paper studies the semiconductor industry from three major perspectives: historical, entrepreneurial, and supply chain management.
I. INTRODUCTION
According to recent reports from the Semiconductor Industry Association (SIA), global sales of semiconductors reached $255.6 billion in 2007, marking its sixth-consecutive year of growth [1] . In today's world, semiconductor has permeated in every part of our life like nothing did before, from computers, entertainment devices, home appliances, cell phones, iPods, and iPhones to various other personal digital assistants, none can function without integrated circuit semiconductor devices. From the vantage point of Silicon Valley, this paper traces the history and evolution of two earliest companies in the semiconductor industry: William Shockley Semiconductor Laboratory and Fairchild Semiconductor Corporation. Starting from the invention of the transfer resistor by three Nobel laureates (John Bardeen, Walter Houser Brattain and William Shockley), the founding of the "most successful failure" in Silicon Valley, Shockley Semiconductor Laboratory and its Shockley Eight (aka Traitorous Eight or Fairchild Eight), the paper details some earliest entrepreneurial attempts in the industry and how these attempts directly influenced over eighty semiconductor companies in Silicon Valley, including Intel Corporation, National Semiconductor, and Advanced Micro Devices. The paper then examines the industry's developing manufacturing models, including the emergence of the foundry model. Finally, the paper looks at the industry's growing trend of globalization together with its outsourcing/off-shoring and supply chain management issues.
Taking advantage of the three authors' interdisciplinary expertise, the paper studies the semiconductor industry from three major perspectives: historical, entrepreneurial, and supply chain management. It is believed that using this approach of combined perspectives to study an industry will provide an all-rounded view of a particular industry as it evolves from its beginning to the current state of its existence. Although uncommon in the extant literature of industry studies, this approach can provide a novel paradigmatic way of appreciating an industry and its vicissitudes from beginnings to future developments. This paper hopes to stimulate further studies of other industries across the entrepreneurial and business landscape.
II. THE EARLY DAYS AND WILLIAM SHOCKLEY SEMICONDUCTOR LABORATORY
Santa Clara Valley, located south of the San Francisco Bay, and surrounded by the Sierra Mountains in the northeast and the Santa Cruz Mountains in the southwest, was nicknamed as "Silicon Valley" by Don Hoeffler, editor of trade journal Electronic News, in 1971 and the nickname quickly caught on as a way to identify the electronics mecca [2] . Silicon Valley has lived up to its name: throughout human history, the enhanced availability of information has created quantum leaps in human achievement.
From microwave radar to laser technology to integrated circuits to disk storage to microprocessors to the Internet and Ecommerce, it all started in Silicon Valley [3] . One of the most important industries, which has been the backbone of Silicon Valley and the indispensable "bread and butter" of all high tech industries, is the semiconductor industry. Modern life and future economic development cannot be separated from the semiconductor industry.
How did the silicon-based semiconductor industry ever get started in Silicon Valley? Let us turn the clock back to over half a century ago in 1950s.
While William Shockley carefully recruited and assembled for his venture the best team of scientists and engineers at the time. However William Shockley's venture did not last too long. In less than two years, he decided that his lab would no longer research silicon-based semiconductors. The group of brilliant scientists and engineers began to defect and start their own company. The most famous of this group consists of eight prominent figures in the annals of the semiconductor industry, later widely known as the "Traitorous Eight." The eight men were: Julius Blank, Victor Grinich, Jean Hoerni, Eugene Kleiner, Jay Last, Gordon Moore, Robert Noyce, and Sheldon Roberts [7] .
William Shockley Semiconductor, dubbed as "The most successful failure" in the history of science, technology, and business [8] is a perfect example which despite falling short of the ultimate goals, it left profound effects in history for the semiconductor industry. In evaluating and summarizing Shockley's early attempt in the semiconductor industry, the following discussion of strengths and weaknesses can be said of this first semiconductor company:
Strengths: Shockley Semiconductor is the result of a watershed event (discovering the transistor) in the field of solid state electronics.
It is the first mover in the semiconductor industry and the first company to work on silicon semiconductor devices in what came to be known as Silicon Valley. As Gordon Moore quipped, "Shockley brought the silicon to Silicon Valley." [9] It brought together a remarkable team of top engineers from around the country. Nobel Prize winning discovery coupled with the best technology constituted the strongest R&D prowess so far in history of science and engineering. Under that entrepreneurial environment, the Fairchild Eight pioneered new technologies and commercialized what they developed with speed and agility. Robert Noyce developed the monolithic integrated circuit-a miniaturized electrical circuit on a fingernail-sized wafer of silicon. Jean Hoerni took the idea a step further and put a collector, base and emitter all on one plane to form the planar transistor. Hence the modern transistor was born and so was a new industry. Up till today, fifty years later, the planar process is still the primary method for producing transistors [12] . Just as San José Mercury News celebrated, "They [the Fairchild Eight] came, they saw, they conquered. And they created an industry." [13] While at Fairchild, the eight made numerous revolutionary discoveries which resulted in assembly line manufacture of silicon semiconductor chips. It was the first company that introduced the first commercially available integrated circuits and that quickly became one of the major players in the evolution of Silicon Valley in 1960s.
Although Fairchild Semiconductor Corporation has survived even till today with nine thousand employees, having gone through several mergers and corporate transformations, its vitality as a major player in the semiconductor industry was long gone. Within a few years of its founding, the Fairchild Eight began to defect. Half of the Fairchild Eight (Hoerni, Last, Roberts and Kleiner) left to form their own company, Amelco, in 1961. The other four also left a few years later. In addition the eight, many more of the Fairchild employees also left. Those who left Fairchild formed many other companies, known as "Fairchildren." By 1980, nearly seventy Silicon Valley companies could trace their roots back to Fairchild Semiconductor [14] . In early October 2007, Fairchild's 50 th birthday was celebrated in Silicon Valley by Fairchild alumni that came from all over the country as well as by current semiconductor industry luminaries [15] . True to its advertisement annotation "We started it all," history will always recognize Fairchild Semiconductor as one of the earliest and most influential entrepreneurial attempts in the annals of the semiconductor industry, which has hence brought immeasurable benefits to humankind.
IV. FAIRCHILDREN, FAIR-GRANDCHILDREN AND INDUSTRY ICONS
Former employees of Fairchild directly founded more than twenty semiconductor companies in Silicon Valley, commonly referred to as "Fairchildren," including most of the famous name corporations as Intel, National Semiconductors, Advanced Micro Devices, and LSI Logic. Eugene Kleiner went on to found the famed venture capital firm Kleiner Perkins Caufield & Byers. These companies further spawned a few dozens more semiconductor companies and companies in other high technology industries. These companies, in their turn, can be dubbed as "Fair-Grandchildren."
The Fairchildren and FairGrandchildren together make up a major proportion of the U.S. semiconductor industry in Silicon Valley.
Among Of all the Fairchild former employees, the most famous are of course Gordon Moore, Robert Noyce, and Andrew Grove.
They become the icons and legends of the semiconductor industry. Gordon Moore was truly a visionary in the semiconductor industry. He is credited with the famed industry seminal tenet: Moore's Law, in which Moore postulates that the number of transistors on a chip will double about every two years [17] . Intel and its rival AMD has kept that pace for almost half a century already since Moore's Law was stated in Moore's 1965 paper. Till this day, most semiconductor experts continue to uphold this law, although Larry Sumney, CEO of Semiconductor Research Corporation, in a recent discussion, says that around 2018 or 2020, Moore's Law will finally come to end, because new technical hurdles will make it more difficult for companies to stay on the path of doubling the number of transistors on a chip every two years [18] .
Robert Noyce was credited with the invention of the integrated circuit. In addition, he was considered the nice guy and the employee-friendly executive. Not only he was the absolute guru in semiconductor technology and innovation, he was also the forerunner of Silicon Valley's high technology industry's relaxed working environment. Today's famed Google culture can be traced back to Robert Noyce's management style. Intel's worldwide headquarters building with its characteristic gray walls with blue trims, located in the celebrated address of 2100 Mission College Boulevard in Santa Clara, California was named after its cofounder Robert Noyce.
As the third employee (after Gordon Moore and Robert Noyce), Andrew Grove served as Chairman and CEO of Intel from 1987 to 1998, when the semiconductor industry and the computing industry rapidly developed. Under Andrew Grove's tenure, Intel changed from a manufacturer of memory chips into the world's dominant producer of microprocessors with its market value increased from $18 billion to more than $420 billion [19] , making it, at one time, the world's most valuable company, surpassing General Electric Corporation. Andrew Grove remains to be the most well-known executive in the entire semiconductor industry.
V. EVOLUTION OF THE BUSINESS MODEL IN THE SEMICONDUCTOR INDUSTRY
Throughout the early chapters of industry entrepreneurship and changes, the semiconductor industry has then witnessed a progression of business models. In general, this progression has resulted in consistently more vertical specialization in the processes of designing, developing, manufacturing and testing semiconductor products. The vertical specialization in the processes further leads to spatial division of labor at a global scale.
A. The Vertically Integrated Model
In the beginning, the experiments of Bardeen and Shockley at AT&T labs, which led to the discovery of the semiconductor, were motivated by finding a lower cost and more reliable replacement technology for the vacuum tube. AT&T commercialized its technology entirely through its own products, as semiconductor devices became inseparable parts of AT&T switches, exchanges, and later, handset products.
IBM built its highly vertically integrated system 360 mainframe computer around captively manufactured semiconductor devices [20] . This was the initial dominant business model for semiconductors. In order to make them, one had to create a captive subsidiary within a systems company and design the system and the semiconductors within that system at the same time. This vertically integrated systems model pioneered by AT&T and later by IBM was copied by leading Japanese companies such as Hitachi, Fujitsu, NEC and Toshiba and also by leading European companies such as Siemens, Philips, Bull and Olivetti. As the semiconductor technology diffused and became better understood, startup companies began to emerge and grow with newly developed different business models.
B. The Integrated Device Manufacturer (IDM) Model
Intel is one important example of the IDM model. Its first products were memory products for IBM mainframe computers. Later on, Intel invented the DRAM circuit as a replacement for the core memory that IBM was using in its 360 computers [21] . Different industry players soon followed suit. These merchant suppliers included other small companies like Intersil, Mostek, Signetics and National. This business model became known as an Integrated Device Manufacturer (IDM) model for the fact that these companies do not make the final system, but provide all elements in the semiconductor device used in the system. The IDM business model competed for many years against the vertically integrated systems model. At the beginning, the vertically integrated model had tremendous advantages over the IDM model. The deep knowledge of the design of the system helped captive producers design products that would work in those systems. Semiconductor design and manufacturing was like an enigmatic form of black art, and having control over all the interactions between the memory and the rest of the system was a huge advantage.
Over a period of time, the knowledge of making semiconductor devices would gradually diffuse and mature, greatly reducing the black art nature of the industry. System architectures also become better understood, and de facto interface standards began to develop that would enable customers to plug in memory modules and have them work seamlessly in the system. As these developments took root, the vertically integrated business model's weaknesses became more apparent. Perhaps the biggest weakness was that the high fixed development costs of the captive semiconductors could only be spread over the shipping volumes of the systems of the vertically integrated company.
By contrast, IDM manufacturers could ship their products to a wide range of customers, enabling them to reduce the fixed costs. This ability to aggregate volume across the market through serving many customers had a second order effect as well: IDM companies could justify the addition of new capacity sooner than could many of the vertically integrated companies. This provides IDM companies with access to the latest fabrication technologies, further enhancing their cost advantage. Eventually, the combination of higher market volume and lower costs pushed most systems companies to abandon their captive semiconductor efforts, or to spin them off as independent companies.
The IDM model gradually took over the industry from the vertically integrated model in the semiconductor industry. One particular impetus for this shift was the fabulous success of Intel's microprocessor business.
Even as Intel's microprocessor was reaching enormous volumes, though, yet another business model was beginning to emerge: the socalled fabless model.
C. The Fabless Design/Foundry Partner Model
The fabless semiconductor model emerged from the efforts of Morris Chang, the Founding Chairman and CEO of Taiwan Semiconductor Manufacturing Company (TSMC) and his colleagues at TSMC. Initially, Chang thought that he could build other companies' semiconductor designs as a stepping stone to developing the scale and capital equipment he would need to develop and manufacture his own designs. Events soon caused him to change his plans. The external fabless customers were lining up at the door, while his internal designs were struggling to get finished. Cheng soon determined that TSMC's future would rest upon a new business model, the foundry model [22] .
VI. THE FOUNDRY MODEL AND THE INDUSTRY'S GLOBALIZATION: OUTSOURCING AND OFFSHORING OF THE SEMICONDUCTOR INDUSTRY
The next chapter of the semiconductor industry is characterized by the emergence of the foundry model and by the industry's globalization.
By relying on the foundry model, TSMC's business soon took off. Its foundry model was rapidly imitated by numerous other companies, including Chartered Semiconductor in Singapore, UMC in Taiwan, and more recently, SMIC and Grace Semiconductor Manufacturing Corporation in China.
The foundry model also ushered in the era of semiconductor industry outsourcing, offshoring and full-scale globalization. By now the industry is a fully globalized with very high levels of outsourcing and offshoring activity. By definition, outsourcing is the strategy of subcontracting a process, such as product design or manufacturing, to a thirdparty company and offshoring is the strategy of relocating certain business processes from one country to another. These practices and strategies have allowed semiconductor companies to split manufacturing processes into multiple stages with each stage being performed in the most efficient and cost-effective way. The combined characteristics of high value and light weight make it possible for semiconductors to be offshored to faraway geographic locations with considerable ease.
Three sequential activities are typically performed in the development and manufacturing of semiconductors: design, fabrication, and assembly and testing. Accordingly, the successive stages of offshoring/outsourcing that occurred in the semiconductor industry have been offshoring assembly, outsourcing fabrication, and now offshoring design.
A. Stage One: Offshoring Assembly
The labor-intensive chip assembly jobs were the first semiconductor jobs shifted offshore -initiated by Fairchild Semiconductor in 1961. Assembly, which typically involves cutting the wafer into chips, requires large amount of lessskilled labor. The abundance of lower-cost semi-skilled labor in Asian countries motivated Fairchild Semiconductor first to offshore its assembly to Hong Kong. As the assembly process became more and more automated in 1980s, other factors, such as government support, land cost, and stability of economy, came to influence the location choice in semiconductor assembly offshoring. Today almost all semiconductor assembly and production are shifted offshore, with less than 5% remaining in the U.S. for prototyping and military jobs [23] . The low cost structure achieved by offshoring has enabled U.S. semiconductor companies to sustain their global competitiveness.
B. Stage Two: Outsourcing Fabrication
The second stage in offshoring/outsourcing of semiconductor industry is fabrication that is farmed out to outside suppliers or foundries. Fabrication, the process used to create chips through multiple-step sequence of photographic and chemical processing, requires huge investment for building a plant and acquiring expensive equipment.
The emergence of the foundry model can be seen as both a result of emerging fabless semiconductor companies in the late 1980s and that of increasing costs of building semiconductor fabs. These twin factors caused many integrated device manufacturers (IDMs) that previously manufactured their own chips to outsource their fabrication function to these independent foundries. The foundries were a more cost-effective way to aggregate market volumes to spread the large and increasing costs of semiconductor fabs over more units than the IDMs could hope to do by themselves. For example, Elpida, Infineon and Motorola have each announced that they'll outsource to foundries an increasing amount of their chip production.
According to IC Insights, fabless sales of IC as a percentage of worldwide sales more than doubled from 6.1% in 1997 to 14 On the other hand, the development of technology also facilitated the growth of foundries. For example, the widespread adoption in the 1980s of the metal-oxide silicon (MOS) manufacturing process enabled the division of labor in the semiconductor industry by providing a more standardized interface between chip design and the wafer fabrication process [24] . In the same vein, the growth of third party electronic design automation (EDA) software tools from companies like Synopsys and Cadence also enabled design companies and foundries to coordinate better the transfer of designs into feasible chip layouts that could be manufactured in high volume with high yield.
The justification for the foundry model is that it is a more efficient use of capital and enables semiconductor companies to concentrate on their core competencies. The costs of building a new fab have skyrocketed to over $3 billion. As fab capital costs increase, only the largest and most successful semiconductor companies will be able to build new fabs. More and more companies in the industry have decided to outsource the manufacturing portion of their chip products to foundries, and as a result they must negotiate for whatever capacity their foundry partner(s) can arrange for them. Having an outside supplier to perform fabrication help U.S. semiconductor companies reduce their capital investment and expand sales during periods when such capacity expansion cannot be financed. The resources which are freed up from asset are invested in company's core competencies, such as design and innovation and leading to the fast growth of fabless companies during 1990s [25] .
Foundries have also expanded geographically. As the demand increases, IDMs and fabless semiconductor companies have begun to seek alternative foundry suppliers to reduce their reliance on a limited number of foundries. As a result, foundries have emerged worldwide. For this capitalintensive process, the driving force towards outsourcing decisions is no longer the cost of direct labor, but the proximity to skilled labor, tax advantages, and government regulations. Asia, including Greater China, Malaysia, Korea, Singapore, etc., with the strongest government support, accounts for the lion's share of the worldwide fabrication capacity, with the largest two foundries in Taiwan (Taiwan Semiconductor Manufacturing Corporation and United Microelectronics).
1) The Role of Taiwan in the Foundry Model
Taiwan has played a key role in the development of the foundry model. It houses the world's two largest foundriesTaiwan Semiconductor Manufacturing Company (TSMC) and United Microelectronics Corporation (UMC)-which together control over 50% of the global market in 2007 [26] .
The establishment of TSMC in 1987 actually marked the start of the foundry business globally. According to VISI Research, TSMC was the largest contributor towards the sixyear span between 1995 and 2000 of prosperity accounting for more than 66% of the total pretax income. TSMC continues to be the market leader in 2007 with about 40% of worldwide foundry sales [27] .
Establishing fabs in Taiwan is much less costly than in the US. As reported by Don Brooks, a former CEO of TSMC, it cost about twenty percent more per wafer in the United States than it cost in the environment in Taiwan. "The depreciation is the biggest cost. Utilities, (gases, power, etc.) is probably number two. The third big cost is the labor cost (include the management and the engineers), which is less than ten percent of revenue." [28] The Taiwan government has provided preferential policies such as tax holiday to semiconductor firms in the island. These policies are being imitated in mainland China as well, to lure firms there in future.
However, the semiconductor industry in Taiwan is more than just these foundries. A varied and rich cluster has emerged on the island that features many specialized firms dedicated to different portions of the semiconductor value chain. It includes design houses, foundries, testing houses, packaging companies, etc.
2) The Emerging Role of China in the Semiconductor Industry
Due to China's fast and continuous economic growth in the recent two decades, demand for electronic products such as mobile phones, personal computers and DVD players has increased significantly in China, which further boosts the need for semiconductor devices there. This is a critical and unusual feature of the Chinese industry, in that its domestic requirements promise to absorb most or all of the new semiconductor capacity in the current decade [29] . According to IC Insights, the Chinese IC (integrated circuits) industry will increase to US $61. However, the Chinese government has realized the strategic importance of the semiconductor industry for its economic growth, therefore has devoted great efforts to support the industry since the late 1990s. Combined with the low production costs, the huge and fast-growing domestic market, and rising foreign investment in China, the Chinese foundry business has also started to flourish. Although Chinese fabs are currently predominantly 4-, 5-and 6-inch ones, leading companies such as SMIC have started to advance their process technologies. For example, SMIC has recently built a 12-inch fab in Shanghai, in addition to its two 12-inch fabs in Beijing, which enables provision of integrated circuit (IC) manufacturing service at 0.35um to 90nm and finer line technologies.
Building upon the success it observed in Taiwan with preferential tax policies, the Chinese national and state governments offer many policies to entice investment into China. They include: preferential value-added tax (VAT) policies; preferential enterprise income tax policies; preferential customs duties and import-related VAT policies; length of years enjoying preferential policies; limit for depreciation of equipment used in production, etc.
Although people have paid much attention to Taiwan and China since 2000, customers in the semiconductor industry are mainly in North America. For example, about 65% of Chartered's revenue comes from North America and about 75% of TSMC's revenue comes from North America. According to Dr. Kuo from Chartered, "China is still not in the stage using advanced technology yet.
After the equipment is fully depreciated in Singapore, then we move it to China to work on legacy business. This reduces both capital cost and labor cost. For foundries in China, their revenue stream is also mainly from outside China." Echoes of these views are heard from Dr. Rick Wallace, Executive Vice President of KLA Tencor, "China hasn't figured out what they are yet. They are currently playing at the end of the product life cycle, utilizing partially depreciated equipment to service legacy businesses." [31] As the trend of globalization of the semiconductor industry looms large, countries in the Asia Pacific region such as Japan, Taiwan, China and India have identified their key strengths in this space. Taiwan has focused on value added IC design, production and advanced IC manufacturing, while China banks on its low cost manufacturing and regional distribution. India is also a frontrunner in this race with its expertise in the chip design and software domains. Overtime, each country will make efforts to leverage its advantages to its fullest under ever-changing market dynamics.
C. Stage Three: Offshoring Design
In recent years, besides offshoring assembly and outsourcing fabrication, U.S. semiconductor companies have also been increasingly shifting chip design jobs offshore. This skill-intensive process has mainly been kept in-house since the U.S., especially Silicon Valley, possesses most of the highly skilled design engineers. However, current trends indicate that increasing number of skilled labor, lower salary and strong government sponsorship are beginning to draw semiconductor design processes to several regions in Asia, such as China, Taiwan and India.
Outsourcing and offshoring have provided numerous benefits to the U.S. semiconductor industry. They helped semiconductor companies to focus their core competencies, take advantage of expertise and skills in other parts of the world, and further create and sustain competitive advantages in the global semiconductor market. The global supply chain also provides more opportunities for U.S. semiconductor industry to capture greater market share of global consumers. They contribute to the high sale growth rate when domestic revenues do not increase at a desired rate.
Outsourcing and offshoring do have their drawbacks as well. The resulting geographically dispersed supply chain is likely to be exposed to different kinds of risks, making the management of the supply chain a more difficult task. According to a survey by Industry Directions Inc. and the Electronics Supply Chain Association (ESCA), the prevalence of outsourcing in electronics has resulted in companies losing control and visibility across their extended supply chain, creating increased risks to both the outsourcers (original equipment manufacturers and the fabless semiconductor companies) and service providers [32] . Therefore, outsourcing and offshoring, while hugely beneficial to the U.S. semiconductor industry, also present numerous challenges in efficiently managing and controlling the semiconductor supply chain.
VII. SUMMARY
The paper has achieved what it set out to do: presenting 1) two earliest companies in the semiconductor industry: Shockley Semiconductor Laboratory and its characteristics; 2) the Fairchild Semiconductor and the Fairchild Eight; 3) some semiconductor industry icons; 4) the industry's evolving models, including the emergence of the foundry model; and 5) the industry's globalization, outsourcing/off-shoring and supply chain management issues. This paper has taken advantage of the three authors' interdisciplinary expertise and studied the semiconductor industry from historical, entrepreneurial, and supply chain management perspectives. The research has also presented new paradigm: a multi-disciplinary way to study industries. Future research will examine the industry in a more in-depth manner and will provide some prognoses of the future of the industry based on the current global economic and industry trends. In addition, future study on other industries may also use this combined perspective approach.
